Integrins mediate cell adhesion and motility on the extracellular matrix, yet they also promote viral attachment and/or entry. Evidence is presented that adenovirus internalization by ␣ v integrins requires activation of phosphoinositide-3-OH kinase (PI3K), whereas ␣ v integrin-mediated cell motility depends on the ERK1/ERK2 mitogen-activated protein kinase pathway. Interaction of adenovirus with ␣ v integrins induced activation of PI3K. Pharmacologic or genetic disruption of endogenous PI3K activity blocked adenovirus internalization and virus-mediated gene delivery yet had no effect on integrin-mediated cell adhesion or motility. Therefore, integrin ligation engages distinct signaling pathways that promote viral endocytosis or cell movement.
Integrins mediate cell adhesion and motility on the extracellular matrix, yet they also promote viral attachment and/or entry. Evidence is presented that adenovirus internalization by ␣ v integrins requires activation of phosphoinositide-3-OH kinase (PI3K), whereas ␣ v integrin-mediated cell motility depends on the ERK1/ERK2 mitogen-activated protein kinase pathway. Interaction of adenovirus with ␣ v integrins induced activation of PI3K. Pharmacologic or genetic disruption of endogenous PI3K activity blocked adenovirus internalization and virus-mediated gene delivery yet had no effect on integrin-mediated cell adhesion or motility. Therefore, integrin ligation engages distinct signaling pathways that promote viral endocytosis or cell movement.
Adenovirus entry into host cells depends on ␣ v integrin binding to the penton base viral coat protein (2, 20, 48) . A highly mobile protrusion on the adenovirus penton base contains the arginine-glycine-aspartic acid (RGD) sequence which mediates ␣ v integrin binding (42) . Integrins are more noted for their ability to mediate cell surface recognition of the extracellular matrix, thereby facilitating adhesion, migration (24) , and cell growth and differentiation (28) . These interactions have been associated with cell differentiation and tissue development, angiogenesis, wound repair, cancer, and inflammation (22) .
A number of cell signaling molecules that are associated with integrin-mediated cellular processes, including adhesion, survival, and motility, have recently been identified (18, 32, 34) . For example, the signaling molecule pp125 FAK focal adhesion kinase (FAK) (35) is localized to clustered integrins following ligation by extracellular matrix proteins. Engagement (clustering) of integrins by its ligands increases tyrosine phosphorylation and activation of FAK (29) . Potential downstream substrates of FAK are the ERK1/ERK2 mitogen-activated protein (MAP) kinases (8, 40) and phosphoinositide-3-OH kinase (PI3K) (7, 17) .
Recent studies have demonstrated that ligation of ␣ v and ␤1 integrins by the extracellular matrix leads to engagement of the ERK1/ERK2 MAP kinase pathway (24) . Integrin-mediated regulation of the ERK1/ERK2 MAP kinase pathway results in the activation of myosin light chain kinase and subsequently to phosphorylation of myosin light chains. These molecular events culminate in enhanced cell motility. Cell motility, but not cell adhesion or spreading, can be blocked by ERK antisense oligonucleotides or by the compound PD98059, a specific inhibitor of MEK MAP kinase (24) , indicating that the ERK1/ ERK2 MAP kinase pathway plays a specific role in cell movement.
PI3K (44) is another downstream effector of FAK. PI3K is a member of a family of lipid kinases comprised of a p85 regulatory subunit and a p110 catalytic subunit. The p85 subunit of PI3K binds directly to phosphorylated FAK (6) . The products of PI3K activation, phosphatidylinositol-3,4-bisphosphate and phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ), are increased in the plasma membrane of activated but not quiescent cells and have been proposed to act as second messengers for a number of cell functions (5), including cell cycle progression (9) and cytoskeletal changes underlying the cell plasma membrane (47) . PI3K activation also modulates intracellular protein trafficking (41) , although a direct role of PI3K in receptormediated endocytosis has not been established.
While integrins play an important role in adenovirus entry and in cell migration, the precise mechanisms by which these receptors promote these distinct biological functions are not known. In the studies reported here, we demonstrate that a specific signaling event is involved in the cell entry of a human viral pathogen. Evidence is provided that PI3K is activated upon adenovirus interaction with ␣ v integrins and that this event is required for adenovirus internalization. Surprisingly, activation of ERK1/ERK2 following integrin ligation was necessary for cell migration but not for internalization of adenovirus.
MgCl 2 , and protease inhibitors (1 g of aprotinin per ml, 1 g of leupeptin per ml, and 1 mM phenylmethylsulfonyl fluoride). Cell debris and nuclei were removed by centrifugation at 10,000 ϫ g for 20 min at 4°C, and the cell lysate was then immunoprecipitated with an antiphosphotyrosine monoclonal antibody coupled to protein G-Sepharose beads (Pierce) for 2 h at 4°C. The Sepharose beads containing the immune complexes were then washed once each with ice-chilled lysis buffer, 0.5 M NaCl, and 0.5 M LiCl and twice with phosphatebuffered saline (PBS) and then boiled in sodium dodecyl sulfate-gel sample buffer. The samples were separated on a sodium dodecyl sulfate-7% polyacrylamide gel and transferred to a nitrocellulose membrane (Immobilon-P; Millipore). The membrane (blot) was then incubated with anti-FAK or anti-p85/PI3K antibodies at the concentrations recommended by the manufacturer in PBScontaining 5% nonfat dry milk, followed by incubation with a 1:1,000 dilution of goat anti-mouse immunoglobulin conjugated to horseradish peroxidase (KPL Laboratories, Gaithersburg, Md. Pharmacologic studies. Human epithelial cells were preincubated with various concentrations of wortmannin, ML7, LY294002 (Calbiochem, San Diego, Calif.), or PD98059 (Parke-Davis) or in serum-free medium containing a 1:1,000 dilution of dimethyl sulfoxide (control). The cells were then infected at an MOI of 10 PFU with Ad5.RSV␤gal (43) . Gene delivery was quantitated by measuring the expression of ␤-galactosidase activity 24 to 48 h postinfection as previously described (21) . The percentage of adenovirus and transferrin internalized was determined by measuring the amount of ligand that was resistant to trypsin treatment (48) . Briefly, 2 ϫ 10 6 epithelial cells were incubated with 125 I-labeled Ad2 at an MOI of 10 PFU or with 40 ng of labeled transferrin at 4°C for 60 min. The cells were then warmed to 37°C for various lengths of time and transferred to ice. Uninternalized ligand was removed by the addition of 1 mg of trypsin per ml and incubation for 5 min at 37°C. The trypsinized cells were then washed twice with ice-cold PBS, and the radioactivity of the cell pellets was counted with a gamma counter. The percentage of internalized ligand was determined by dividing the number of counts in the cell pellets by the total number of counts in the cells incubated with ligand at 4°C. The amount of nonspecific binding, which was subtracted from the total, was determined by the addition of a 100-fold excess of unlabeled ligand.
Effect of a regulatory domain of p85/PI3K on virus cell entry and cell adhesion or motility. Epithelial cells were grown to a confluency of 30% and then transiently transfected (LipofectAMINE; GIBCO/BRL) with a cDNA plasmid encoding the p85/iSH2 domain of PI3K (pRC/CMV/p85iSH2) (38) or with a control plasmid (pcDNA3; Invitrogen). Under these conditions, approximately 50 to 70% of the cells were effectively transduced. The cells were assayed 48 h posttransfection for the expression of the p85/iSH2 protein by Western blotting by using an anti-c-myc tag antibody. To examine disregulation of endogenous PI3K, the cells were transfected with a plasmid encoding iSH2 or a control plasmid. The transfected cells were incubated 48 h later, with or without purified adenovirus, and then cell lysates were prepared and immunoprecipitated with a p85 monoclonal antibody specific for the N-SH3 domain of p85 (Upstate Biotech Inc., Lake Placid, N.Y.). Kinase reactions were performed with the immune complexes by using PI(4,5)-bisphosphate as a substrate, as described above.
The transfected cells were subsequently analyzed for adenovirus internalization and transferrin uptake or for their susceptibility to adenovirus-mediated gene delivery as described above. Binding of soluble penton base to control or p85/iSH2-transfected cells was measured by flow cytometry. The cells were incubated with 0.5 g of biotinylated penton base per ml for 60 min at 4°C, washed with medium, and then incubated for 15 min at 4°C with a 1:500 dilution of fluorescein isothiocyanate (FITC)-streptavidin (KPL Laboratories). After final washing in Hanks balanced salt solution-1 mM CaCl 2 containing 1% fetal calf serum, the cells were analyzed by flow cytometry (FACScan II).
Cell adhesion assays were performed as described previously (49) with 48-well non-tissue-culture-treated cluster plates (Costar) coated with 2 g of recombinant penton base or fibronectin per ml. Cell migration assays were performed with modified Boyden chambers (6.5-mm-diameter, 8-m-pore-size, tissue-culture-treated Transwells; Costar) as previously described (24) . Briefly, the underside of the membrane of the upper chambers was coated overnight with 1 g of recombinant penton base or fibronectin in PBS at 4°C. The wells were rinsed with PBS and then placed in the lower chambers containing DME medium without fetal calf serum. A total of 5 ϫ 10 4 to 1 ϫ 10 5 SW480 or A549 human epithelial cells were placed into the upper chamber and then allowed to migrate to the underside of the top chamber for 6 h at 37°C. The nonmigrating cells on the top of the membrane filter were removed with a cotton swab, while the migratory cells that were attached to the bottom of the filter were fixed with 0.5% paraformaldehyde and then stained with 0.1% crystal violet in 0.1 M borate buffer (pH 9.0)-2% ethanol. Migratory cells were then counted by light microscopy. Nonspecific adhesion or migration was determined by counting cells that had migrated on membrane filters coated with 1% bovine serum albumin.
RESULTS

Adenovirus promotes phosphorylation of FAK and PI3K.
Early signaling events that result from ligand engagement of cell integrins include phosphorylation of the 125-kDa FAK, p85/PI3K, and ERK1/ERK2 MAP kinases (27) . We therefore examined whether there was an increase in direct or indirect phosphorylation of these molecules by adenovirus interaction with ␣ v integrins. Incubation of SW480 cells with purified adenovirus particles or with recombinant penton base protein caused a five-to sevenfold increase in phosphotyrosine-associated FAK compared to that of control cells incubated with medium alone (Fig. 1) . In contrast, binding of the adenovirus fiber protein to cells caused only a minimal increase in phosphorylation (1.8-fold). In parallel studies, we also examined phosphotyrosine-associated PI3K and ERK1/ERK2, downstream effectors of FAK. Adenovirus and recombinant penton base interaction with cells caused 14-and 15-fold increases, respectively, in phosphotyrosine-associated p85/PI3K, while binding of the fiber protein to cells caused only a minimal increase in phosphorylation (Fig. 1) . No significant change in phosphorylation of ERK1/ERK2 MAP kinases was observed in SW480 cells incubated with adenovirus (data not shown). These studies indicate that the interaction of the adenovirus penton base with ␣ v integrins is the principal means by which cell signaling events are initiated by adenovirus.
Adenovirus interaction with host cells promotes activation of the PI3K catalytic subunit. Previous studies have suggested that the interaction between FAK and PI3K, specifically, the phosphorylation of FAK at tyrosine 397, allows binding of phosphorylated p85, the regulatory subunit of PI3K (6) . This may represent a mechanism by which the iSH2 domain of p85 is free to interact with, and subsequently activate, the p110 catalytic subunit. To determine whether adenovirus interaction with cells leads to activation of the p110 subunit of PI3K, cells were incubated with adenovirus at 4 or 37°C for various times. Cell lysates were then immunoprecipitated with an antiphos- photyrosine monoclonal antibody, and the amount of PI3K activity present in the immune complexes was analyzed by the addition of [␥- 32 P]ATP and a specific substrate, PI(4,5)-bisphosphate. Basal levels of PI3K activity were detected in cells incubated with adenovirus at 4°C or in cells incubated at 37°C without virus (Fig. 2) . In contrast, a rapid increase in PI3K activity was detected during adenovirus interaction with cells at 37°C that was similar to that elicited by a known PI3K activator, epidermal growth factor (EGF) (Fig. 2) . These findings indicate that initial signaling events in adenovirus interaction with cells also result in PI3K activation.
To further investigate the interactions required for activation of PI3K, we next examined the effects of isolated viral capsid protein(s) on PI3K activation. Soluble recombinant penton base caused a three-to fourfold increase in PI3K activation similar to that induced by intact virus particles (Fig.  3A) . In contrast, recombinant adenovirus fiber protein failed to significantly stimulate PI3K activation. These results provide evidence that Ad2 interaction with cells via the penton base binding to ␣ v integrins stimulates PI3K activation. To confirm this, we compared the relative ability of Ad2 to induce PI3K activation in ␣ v integrin-expressing M21-L4 human melanoma cells with that in ␣ v integrin-negative M21-L12 cells (Fig. 3B) . Both cell types support equivalent levels of Ad2 binding via the fiber protein, but only M21-L4 cells interact specifically with the penton base protein and, thus, show viral internalization and infection (48) . Adenovirus stimulated PI3K activation by two-to threefold in M21-L4 (␣ v integrin-positive) cells but did not promote activation in M21-L12 (␣ v integrin-negative) cells (Fig. 3B) . This was not due to a deficiency of PI3K in the M21-L12 cells, since EGF treatment activated PI3K to similar levels as it did in M21-L4 cells (data not shown). These findings provide further evidence that the interaction of the penton base protein with ␣ v integrins, an event that promotes adenovirus internalization, specifically mediates PI3K activation.
PI3K-specific pharmacologic agents inhibit adenovirus cell entry.
To establish whether PI3K activation was required for adenovirus uptake, cells were treated with pharmacologic agents that inhibit PI3K activation at low concentrations and then analyzed for their ability to support adenovirus internalization and virus-mediated gene delivery. Wortmannin, a fungal metabolite that is a potent inhibitor of PI3K activity (45), caused dose-dependent inhibition of adenovirus-mediated PI3K activation (Fig. 4A) . Similar concentrations of wortmannin inhibited both adenovirus internalization and virus infection as measured by virus-mediated gene delivery ( Fig. 4B and  C) . The 50% inhibitory concentration was approximately 20 nM, an amount previously shown to inhibit other PI3K-mediated cell functions (1, 23) . Adenovirus internalization was also inhibited by LY294002 (46) (Fig. 5) , another PI3K-directed compound which has a different mode of action than wortmannin. Importantly, adenovirus internalization or gene delivery was not inhibited by ML7, an inhibitor of myosin light chain kinase (39) . Further, PD98059, a selective and potent inhibitor of the ERK1/ERK2-dependent MAP kinase pathway, had no effect (33) (Fig. 4C and 5) . Together, these studies indicate that adenovirus uptake and virus infection are specifically associated with PI3K activation but not MAP kinase or myosin light chain kinase signaling.
Genetic disregulation of endogenous PI3K inhibits adenovirus cell entry but not primary integrin functions. To provide further evidence that PI3K is required for adenovirus uptake, cells were transfected with the iSH2 domain of p85 to disrupt the interaction of p110 with endogenous p85 (19) . Transfection of SW480 cells with the iSH2 domain inhibited adenovirusmediated activation of endogenous PI3K, as indicated by decreased formation of PIP 3 (Fig. 6A ). Cells transfected with the iSH2 domain of p85 retained the ability to bind soluble, recombinant penton base at levels similar to that of mock-transfected cells, and binding was inhibited to a similar degree by the addition of unlabeled competitor (Fig. 6B) . In addition, both mock-and iSH2-transfected cells showed identical levels of adhesion to fibronectin or penton base (Fig. 6C ). In contrast, iSH2-transfected cells supported lower amounts of adenoviral gene delivery, as well as decreased levels of virus internalization ( Fig. 6D and E) . These results are in agreement with the previously generated pharmacological data, suggesting that PI3K activity is required for viral infection. Impor- tantly, these results suggest that the p85 regulatory domain provides a context for p110 activity and that iSH2-p110 interaction alone is not sufficient to facilitate viral uptake. Further, the effect of iSH2 appears to be specific for the integrinmediated uptake of adenovirus, since iSH2-expressing cells do not exhibit altered transferrin internalization relative to that of mock-transfected cells (Fig. 6E) . Although primary integrin function (i.e., ligation) did not appear to be affected by expression of the iSH2 domain of p85, it remained possible that other downstream events mediated by integrins were also downregulated as a result of iSH2 transfection. For example, migration and endocytosis have been suggested to utilize several common elements (3, 26) . To examine the role of PI3K on cell movement and virus uptake, we investigated A549 cells which, unlike SW480 cells, are capable of good cell movement, as well as being highly susceptible to adenovirus infection. The expression of the iSH2 domain in A549 cells did not influence migration (haptotaxis) (Fig. 7A ) but did inhibit adenovirus gene delivery (Fig. 7B) , as well as virus internalization (Fig. 7C) . Additionally, the MAP kinase inhibitor PD98059, which failed to block adenovirus cell entry (Fig. 3) , was a potent inhibitor of cellular migration (Fig. 7A) , as was previously shown by Klemke et al. (24) . Together, these results suggest a specific role for PI3K activation in integrinmediated adenovirus internalization and further illustrate that different signaling molecules are involved in distinct integrinmediated cellular processes.
DISCUSSION
Although receptors for attachment and internalization of adenovirus have recently been identified, little information exists on the precise mechanisms by which these receptors   FIG. 4 . Effect of wortmannin on adenovirus-induced PI3K activation (A), virus internalization (B), and gene delivery (C). SW480 cells were treated with various concentrations of wortmannin for 10 min at 37°C and then incubated with adenovirus particles for an additional 10 min at 37°C. PI3K activation was analyzed as described in the legend to Fig. 2 by using PI(4,5) -bisphosphate as a substrate. Cells were also treated with various concentrations of wortmannin at 4°C for 10 min followed by preincubation with 125 I-labeled adenovirus for 30 min at 4°C. After removing unbound virus by washing, the cells were resuspended in PBS and then warmed to 37°C for 10 min. Wortmannin was present throughout the internalization process. Internalization was measured by resistance to trypsin promote the entry process. The studies reported here reveal an important role for PI3K in ␣ v integrin-mediated signaling events associated with adenovirus internalization and infection of human epithelial cells.
Binding of the adenovirus penton base to ␣ v integrins induces phosphorylation of several signaling proteins, including FAK and PI3K (Fig. 1) . FAK but not p85/PI3K has been previously shown to be phosphorylated during integrin ligation by extracellular matrix proteins. A low level of FAK and p85/ PI3K phosphorylation was induced by interaction of the fiber protein with its receptor; however, further studies indicated that fiber binding was not required for PI3K activation (Fig. 3) . It is not known whether FAK phosphorylation is required for adenovirus cell entry; however, overexpression in epithelial cells of a mutant FAK that cannot be phosphorylated (Tyr397) did not alter virus uptake or gene delivery (data not shown). Since Tyr397 has been shown to be a site for PI3K binding to FAK (6) derived cells that lack FAK (data not shown), this suggested that FAK was probably not required for adenovirus uptake. Therefore, we were compelled to investigate whether alternative effector molecules such as PI3K were involved in virus uptake and infection. Our studies demonstrated an increase in phosphotyrosineassociated p85/PI3K under conditions that permit virus entry (Fig. 1) and that this also leads to activation of the lipid kinase (Fig. 2) . Moreover, we showed that PI3K activation is dependent on the interaction of the penton base with ␣ v integrins rather than the binding of fiber to its receptor (Fig. 3) .
In addition to facilitating virus internalization, the penton base also promotes adenovirus-mediated membrane permeabilization and virus-mediated gene delivery in vivo. It is therefore possible that PI3K activation also occurs during adenovirus disruption of the cell endosome; however, we observed that PI3K can be activated by a temperature-sensitive mutant adenovirus, ts1 (11) , that fails to penetrate cell endosomes (data not shown). The ts1 mutant internalizes normally (16) but lacks a functional cysteine protease required for endosome penetration and subsequent uncoating (11) . Therefore, PI3K activation is associated with virus uptake rather than virus penetration of cell endosomes.
A crucial requirement for PI3K activation for adenovirus infection was indicated by pharmacologic studies using two separate inhibitors of PI3K, wortmannin and LY294002. The concentration of wortmannin required to inhibit virus-induced PI3K activation was also similar to that needed to inhibit virus uptake and gene delivery (Fig. 3) . In confirmation of the pharmacologic studies, transfection of cells with a regulatory domain of the p85 subunit of PI3K (iSH2) (38) inhibited adenovirus uptake and gene delivery (Fig. 6 ), while transferrin uptake was unaffected (Fig. 6C) , suggesting that distinct pathways exist for internalization of different ligands. In contrast, adenovirus attachment to cell surface ␣ v integrins did not promote ERK1/ERK2 activity. iSH2 expression and pharmacologic inhibitors of myosin light chain kinase or the ERK1/ ERK2 MAP kinase pathway did not affect virus uptake or gene delivery; however, these inhibitors blocked ␣ v integrin-mediated cell migration (24) (Fig. 7) . Although adenovirus infection has been previously reported to activate the Raf/MAP kinase pathway (4), this pathway is apparently not required for virus cell entry or infection. The findings reported here indicate that different signaling pathways regulate virus uptake and cell motility.
The exact signaling pathway involved in PI3K-mediated adenovirus uptake has yet to be fully elucidated; however, previous studies have indicated that entry of Listeria monocytogenes into cells also requires PI3K activation (23) . Certain cell signaling processes lead to the reorganization of the actin cytoskeleton (10) . Interestingly, adenovirus entry (36), as well as uptake of influenza virus into polarized epithelial cells (14) , has also been reported to require an intact actin cytoskeleton. These findings suggest that recruitment of the actin cytoskeleton may be an important feature of receptor-mediated virus internalization. FAK and PI3K, as well as other signaling molecules, associate with the actin cytoskeleton shortly after integrin clustering (35, 37) . PI3K has been proposed to modulate the reorganization of the actin cytoskeleton via interactions with the small GTPase protein, Rac (32) . The interactions of these signaling molecules may, therefore, facilitate adenovirus cell entry by promoting actin polymerization. The actin cytoskeleton may provide the mechanical force necessary to internalize adenovirus-containing vesicles as has been demonstrated with other ligands in macrophages (1) and yeast cells (30, 31) . PI3K signaling could also stimulate adenovirus uptake by interacting with dynamin (15), a GTPase protein required for endocytic vesicle formation (12) . The small GTPases Rac1 and RhoA have also been shown to modulate transferrin internalization by regulating endosome formation (25) . However, our studies and those of others have shown that transferrin uptake does not require PI3K activation or recruitment of the actin cytoskeleton (25) , thus suggesting that distinct biochemical pathways exist for receptor-mediated endocytosis. While further studies are needed to fully characterize these endocytic pathways, an increased understanding of the signaling events involved in ␣ v integrin-mediated adenovirus internalization provides insight into the cellular mechanisms of endocytosis and cell motility, as well as the development of more effective strategies for adenovirus gene therapy.
